The aim of this paper was to present preliminary results of researches conducted in PZL Mielec within the FAST_FSW project (INNOLOT program) on the influence of tool eccentricity on microstructure and mechanical properties of 1.6 mm and 0.8 mm thick Al 7075 T6 sheets joints. Samples were performed using CNC milling machine. The range of tool eccentricity was 0-0.3 mm, rotational speed and feed rate were variable. The influence of the applied welding parameters on microstructure and mechanical properties of joints was assessed on the basis of metallographic inspections and tensile tests. Microstructural observations have shown that the change of FSW tool eccentricity affects the weld geometry: the mixing zone depth, the weld width, or the shape of the contact line.
INTRODUCTION
Friction Stir Welding (FSW) is one of the newest methods of joining materials. The invention of this method (TWI, Cambridge, 1991) made it possible to combine materials recognized so far as not recommended for welding, e. g. aluminum alloys 2xxx and 7xxx [2] . The main advantage of this process is possibility of joining solid state materials, what eliminates the risk of typical welding defects (e. g. gas inclusions, hot cracks, shrinkage) occurring in a weld [1, 9] . The FSW process is very complex and the quality of the weld depends on many factors as linear velocity of welding, rotational speed, tool plunge depth, clamping force or torque. Mechanism of material transport in a weld is affected by a tool: its geometry, angle of inclination and eccentricity. The impact of FSW process parameters has been broadly characterized among other papers [1, 6] . Tool eccentricity was not broadly discussed in scientific elaborations, so there is a lack of unequivocal information about influence of eccentricity and its optimal values. The authors [3, 7, 8, 10] agree on the function of the tool eccentricity during the welding process: intensification of material mixing due to orbital motion of the tool's pin. It also has an influence, on the mechanism of transport of the plasticized material in the weld [5] , and thus on the occurrence of volumetric defects in the weld, e.g. voids, contact line deformation and the creation of the hooking and cold lap.
This paper focuses on the influence of the eccentricity of the FSW tool on the microstructure and the mechanical properties of the 7075T6 thinwalled sheet metal joints.
RESEARCH TECHNIQUES
The study used 7075 T6 aluminum alloy sheet, double-sided plated (AMS-QQ-A-250-13), thickness of sheets are shown in Figure 2 . The main purpose of the experimental research was to determine the effect of eccentricity of tool pin and shoulder on the microstructure and properties of FSW joints. Tool eccentricity was achieved by making a hole in the pin holder so that the axis of the hole was offset by value of "x" relative to the axis of the holder, as shown in Figure 1 . Commercially available tool with screw line was used (ø4 pin). Reference joints were made using a tool without eccentricity and with use of tools with eccentricity values: x=0.1mm; x=0.2 mm; x=0.3 mm. Specimens for strength test (AWS D17.3) and metallographic test were cut from 300 mm long joints. The sample and its dimensions are shown in Figure 2 . The welding process was performed with the following parameters: rotational speed ω 1 =700, ω 2 =1000, ω 3 =1300 [rpm] and feed rate v1 = 100, v2 = 200, v3 = 300 [mm/min] maintaining a constant plunge depth. CNC milling machine SOLARUCE TA-20 AUTOMATIC was used to perform welding process. The joints were subjected to a visual inspection and then the samples for the destructive tests were cut.
EFFECT OF TOOL ECCENTRICITY ON MICROSTRUCTURE AND PROPERTIES
Samples for metallographic tests were subjected to grinding, polishing and etching at ambi- Tensile strength tests were performed on an MTS Landmark machine equipped with force and displacement sensors. For strength tests, four samples were assigned. Every time breaking force was registered. Broken samples were visually inspected. This allowed to precisely analyze the cause of joint breaking.
TEST RESULTS AND DISCUSSION
The primary function of eccentricity in the FSW tool is to intensify the mixing of the welded material. This is related to the amount of heat introduced to the welded material [5] . As the visual inspection of the joints showed, the face of the weld quality deteriorated with the increase of tool eccentricity. The flash was the smallest in the case of joints welded with use of eccentricity free tool (x = 0 mm), while the largest flash was found in joints welded with 0.3 mm-eccentricity tool.
When a tool without eccentricity was used the surface of joint was smooth and only characteristic rings could be observed. Distance between rings increaased, with the increase of the feed rate. This distance reflects the number of revolutions of the tool per section of weld. In the case of joints made with eccentric tools (x = 0.2 mm and x = 0.3 mm), there was a noticeable dust on the face of the weld -fine particles of welded material. Faces of welds of joints made with 0.1 mm-eccentric tool were smooth or partially dusty. These small particles of welded material usually appear when the temperature of the weld is too high and material is plasticized more than it was required. On the other hand, in the analysed cases, a new portion of the non-plasticized material is constantly being delivered to the impact area of the tool as a result of its eccentricity. As a result, fine particles can be observed on the surface of the weld. In the case of the tested sheets, the appearance of surface unevenness is also related to the presence of the alclad on the surface of the welded metal.
The parameters of the welding process have a significant influence on the weld geometry: the width and depth of the mixing zone, the presence (or absence) of the voids and defects associated with the deformation of the contact line. In case of tested specimens sizes of mixing zone were con- nected with rotational speed and feed rate (linear speed). Maintaining the same feed rate of welding (Table 2) , the width and depth of the mixing zone are the greater, the higher the rotational speed is. This dependence is obvious and is the result of the amount of heat introduced into the welded material. Eccentricity lowers the temperature in the weld, as a portion of the non-plasticized material at a lower temperature is continuously fed into the area of tool impact. In addition, eccentricity impacts the mechanism of material transport in a weld. In the microstructure of the examined joints, distinct bands (so called onion rings) were placed concentric with each other in the case of tools without eccentricity or with eccentricity x = 0.1 mm ( Table 2 ). Joints made with an eccentric tool (x = 0.2 mm and x = 0.3 mm) also were characterized by strand microstructure. What is more, it was observed that the material movement was not only around the pin and below the surface of the shoulder. In zone of recrystallization, mainly on the side of advance and retraction welded material was also mixed up and down (Table 2 ). In addition, it was observed that welding using tools with eccentricity values of x = 0.2 mm and x = 0.3 mm resulted in large voids in these areas, except for high rotational speed welded joints, when the welding temperature was high enough to provide appropriate plasticization of the material (for all applied linear velocities). Welding with a tool with value of eccentricity x = 0,1 mm limits the formation of voids. The best mixing of the welded material (the most homogeneous microstructure in the weld core and the absence of voids) was obtained using a tool without eccentricity -the temperature during the process was the highest. Microstructural observations showed that in the case of eccentricity free tool welding with high rotational speed leads to creation of hooking in the weld on advancing side (Figure 3 ). Defects associated with deformation of contact line do not appear in any joint produced using eccentric tool (Fig. 4) . During welding using a tool with an eccentricity value of x = 0.3 mm, machine vibration was observed, while less eccentric tools were used, the machine was more stable. This confirms the assumption that during using eccentric tools, the plasticity of the material in the weld is lower, and therefore, it results in higher resistance to the tool and consequently to the CNC machine.
The results of the strength tests are given in Table 3 and Figure 5 . At lower rotational speeds, the load capacity of the joint decreases (1 ÷ 1.5 kN) with increasing tool eccentricity. The consequence of the eccentricity of the tool combined with low rotational speed is the appearance of voids in the weld nugget (Table 3 ). The higher feed rate (linear speed) is, the bigger the voids are. This fact is a result of too low temperature in a weld and not sufficient plasticization of the material [4] . Higher rotational speed (ω=1300 rpm) limits formation of voids, but when the feed rate is not sufficient and eccentricity is lower than 0.2mm hooking is formed on the advancing side. The presence of hooking leads to worsening of mechanical properties of a joint (Fig. 5) .
The samples subjected to a static tensile test, which carried a force of min. 6 kN were broken in the weld on the advancing side. Joints of capacity lower than 6 kN, mainly joints welded with rotational speed of 700 rpm with tools, which eccentricity was 0.2 mm or more, broke because of delamination of a weld. Large voids were found. They were oriented along the contact line of sheets. Comparing joints welded with tools made without eccentricity with welded with eccentric tool, it can be stated that the tool with eccentricity x = 0.2 mm and x = 0.3 mm reduces the strength of the couplings. It should be emphasized that all the results obtained from the strength tests are characterized by high repeatability, which is evidenced by the small values of standard deviation, although the FSW thin sheet welding process is particularly sensitive to variations in parameters.
CONCLUSIONS
Based on the conducted research, it can be stated that:
• the weld faces of the joints made with eccentric tools were worse in quality, compared to the weld faces of the joints made with the tool without eccentricity, • the use of eccentricity in FSW tools has a significant effect on the microstructure of the joints: the greater the too eccentricity is, the more heterogeneous the structure can be obtained, and at low rotational speed there are voids due to insufficient plasticization of the material, • the most homogeneous microstructure was obtained by using high rotational speed, eccentricity free tools and high feed rate processes. In the microstructure of the joints so called onion rings can be observed, • eccentricity of a tool limits the deformation of the contact line (e.g. hooking) on both sides of welds-advancing and retreading, • the highest strength was presented by joints made with an non-eccentric tool or with a tool with eccentricity value: x = 0.1 mm.
In most of the analyzed cases (Table 3) , the strength of these joints was over 90% of the load capacity of thinner sheet material. These joints were broken through a thinner sheet on advancing side of a weld.
